To determine whether anion exchangers might play a role in hepatic bile formation, we looked for the presence of Cl-:OHand Cl-:HCO3 exchange in highly purified canalicular (c) and basolateral (bl) rat liver plasma membrane (LPM) vesicles. In cLPM vesicles, a pH gradient (7.7 in/6.0 out) stimulated 36C-uptake twofold above values obtained during pH-equilibrated conditions (7.7 in = out). When 50 mM HCO3 was also present inside the vesicles, the same pH gradient (7.7 in/6.0 out) resulted in Cl-uptake to levels fourfold above pH-and HCO3-equilibrated controls and two-to threefold above Clequilibrium (overshoot). Initial rates of both pH and HCO3 gradient-stimulated Cl-uptake were completely inhibited by 4,4'-diisothiocyano-2,2'-disulfonic acid stilbene (DIDS). A valinomycin-induced K+ diffusion potential (inside positive) also stimulated Cl-uptake in cLPM, but this conductive Clpathway was insensitive to DIDS. The DIDS-sensitive, pH and HCO3 gradient-stimulated Cl-uptake demonstrated:
Introduction
Bile formation is a major function of the liver. According to current views canalicular bile flow is mainly an Boyer. Received for publication 6 April 1984 and in revised form 30 October 1984.
gradients resulting from the active hepatocellular secretion of inorganic and organic solutes into the canalicular lumen (for reviews, see references [1] [2] [3] [4] [5] [6] . Conceptually, canalicular bile formation is generally divided into bile acid-dependent bile flow (BADF)' and bile acid-independent bile flow (BAIF)
components. Although these two fractions of canalicular bile flow may not be totally independent from each other, bile acids represent the most potent endogenous stimulants of bile secretion. Recent studies with plasma membrane vesicles selectively isolated from the basolateral (i.e., sinusoidal and lateral) and canalicular pole of rat hepatocytes have indicated that transhepatocyte excretion of taurocholate, the most abundant conjugated bile acid in the rat, is a secondary active transport process driven by the electrochemical potential difference for Na' across the basolateral membranes (Na'-taurocholate co-transport) and by the electrical potential difference across the bile canalicular membranes (facilitated diffusion; 7, 8) . In contrast, the mechanisms responsible for BAIF are more poorly understood. Indirect studies in the isolated perfused rat liver have suggested that active canalicular secretion of anions such as chloride (5), bicarbonate (9-1 1), and/or acidic oligopeptides and amino acid conjugates (5, 12) could account for the formation of BAIF.
In the present study we tested the hypothesis that anion exchange mechanisms (13) (14) (15) may play a primary role in transhepatocytic excretion of anions. Specifically we investigated mechanisms of chloride (Cl-) and bicarbonate (HCO ) transport in highly purified canalicular (c) and basolateral (bl) rat liver plasma membrane (LPM) vesicles. The data provide direct evidence for the presence of an electroneutral Cl-:HCO3 exchange in cLPM but not in blLPM vesicles. In addition, a separate Cl-conductive channel could also be identified in cLPM vesicles. These findings permit a unifying hypothesis to be proposed for the genesis of BAIF in rat liver and provide definitive support for models based on indirect observations in the isolated perfused rat liver (5, 9-11), and in isolated hepatocytes (16) . Furthermore, the basic mechanisms involved in hepatic bile formation appear similar to anion transport processes initially observed in intestinal and renal epithelial cells (17) (18) (19) (20) (21) . Part of this work has been presented in preliminary form (22 Isolation of cLPM and blLPM vesicles. The methods for isolation of the cLPM and blLPM subfractions as well as their morphologic and biochemical characterization are described in detail elsewhere (23) . In brief, a canalicular enriched "mixed LPM" subfraction was first separated out of a "crude nuclear pellet" by rate zonal floatation (44%:
36.5%, wt/wt, sucrose density interface) in the TZ-28 (DuPont Instruments, Sorvall Biomedical Div., Newtown, CT) zonal rotor. After tight homogenization (type B Dounce homogenizer, 50 up and down strokes) the vesiculated cLPM and blLPM were separated from the 'mixed LPM" by high-speed centrifugation (195,200 gav, for 3 h) through a three-step sucrose gradient (31%, 34%, and 38%, wt/wt). cLPM were recovered from the top of the 31% sucrose layer and blLPM were harvested from the 34%:38% sucrose density interface. Both LPM subfractions were collected at 105,000 gave for 60 min and resuspended in the appropriate membrane suspension buffers (see below).
Characteristics of the isolated LPM subfractions. The degree of purification of cLPM and blLPM vesicles was extensively analyzed by intracellular and plasma membrane marker enzyme activities. These studies indicated minor contamination of both LPM subfractions with intracellular organelles and virtually complete separation of blLPM from cLPM vesicles as reflected by the absence of Na+K+-ATPaseand glucagon-stimulatable adenylate cyclase activities or intact secretory component in cLPM (23) . In contrast, the blLPM subfraction is contaminated with cLPM by 10%. Transmission electron microscopy revealed that both cLPM and blLPM are composed of membrane vesicles, although blLPM vesicles still contain unbroken lateral membrane sheets (23) . Correspondingly, intravesicular volumes are approximately twofold higher in cLPM (-2 gl. mg-' protein) than in blLPM (-1 l . mg-' protein) as calculated from equilibrium uptakes of [14C]glucose that did not bind to any extent to the isolated membrane vesicles (8) . Finally, freeze fracture analysis revealed that -80% of the cLPM vesicles exhibit "right side out" configuration, in which the extravesicular membrane face corresponds to the bile luminal surface in vivo (8) .
Chloride (6Cl-) uptake studies. The experimental design used in this study to determine the effect of pH and HCO-on Cl--transport closely paralleled studies previously performed in rabbit ileal and Necturus renal brush border vesicles (17, 24) . In order to preload the vesicles with HCO5 (50 mM), freshly isolated membrane vesicles were resuspended by tight homogenization (10 up and down strokes, type B glass-glass Dounce homogenizer) in 150 mM sucrose, 100 mM TMA gluconate, 50 mM choline bicarbonate, 35 mM Tris, 35 mM Hepes, 0.2 mM Ca-gluconate, and 5 mM Mg-gluconate, pH 7.7. This buffer system will be referred to as "bicarbonate standard membrane suspension" (HCO--SMS, pH 7.7) medium throughout this study. In experiments, where the vesicles were preloaded differently, the composition of the membrane resuspension buffers will be detailed in the corresponding figure legends. Routinely, the freshly isolated membrane vesicles were frozen and stored in liquid nitrogen (-70 10 Ml of membrane suspension kept at 0-4'C. This membrane/filter blank was subtracted from all determinations. Unless otherwise indicated all experimental data were obtained from triplicate analysis of two or more separate membrane preparations. Statistical significance was determined by analysis of variance with two-way layout.
Results
Direct evidence for Cl-7HCO-and Cl-:OH-exchange in cLPM vesicles. The effects of the gradients of in to out pH and HCO-on uptake of C1-(5 mM) into cLPM vesicles are demonstrated in Fig. 1 . With the vesicles preloaded with pH 7.7 buffers, the uptake of Cl-was stimulated twofold when incubated at pH 6.0 (7.7 in/6.0 out) as compared with pHequilibrated conditions (7.7 in/7.7 out). If 50 mM HCO3 was additionally present within the vesicles, the same in to out pH gradients (7.7 , 50 mM HCO in/6.0, 0.9 mM HCO-out) further stimulated Cl-uptake up to three-to fourfold above values obtained under pH-and HCO--equilibrated conditions (7.7, 50 mM HCO-in = out). Furthermore, C1-was transiently accumulated within the vesicles to -2.5 times above Clequilibrium values at 180 min (overshoot phenomenon). No significant differences in C1-uptake were observed between the two pH-equilibrated conditions 7.7/7.7 or 6.0/6.0 (data not shown). Thus, it is the pH gradient rather than the pH per se that markedly accelerated the uptake of C1-. The additional stimulatory effect of an in to out HCO-gradient indicates that HCO-is favored over OH-for exchange with extravesicular Cl-. This conclusion is not invalidated by the observation that HCO-did not stimulate Cl-uptake under pH-equilibrated conditions (o in Fig. 1 Figure 1 . Effects of outwardly directed pH and HCO-gradients on chloride uptake into cLPM vesicles. The vesicles were preloaded with a pH 7.7 buffer either in the presence of 50 mM HCO-(resuspension in HCO--SMS) or in the absence of HCO-(resuspension in 150 mM sucrose, 115 mM TMA gluconate, 70 mM Tris, 70 mM Hepes, 0.2 mM Ca-gluconate, and 5 Mg-gluconate) as described in Methods.
Chloride (5 mM) uptake was determined at 250C by diluting the vesicles 10-fold into a gassed (95% N2, 5% CO2 in the presence of HCO-; 100% N2 in the absence of HCO-) incubation medium containing 36CL-. Under pH (pH 7.7 in = out; o) or pH and HCO3 (pH 7.7, 50 mM HCO-in = out; o) equilibrated conditions, the composition of membrane suspension media and incubation media was identical (except for 36CI-). In the presence of outwardly directed pH (7.7 in/6.0 out; .) or pH and HCO-(pH 7.7, 50 mM HCO-in/ pH 6.0, 0.91 mM HCO-out; *) gradients the vesicles were incubated in HCO-free "standard incubation medium" of pH 6.0 (SIM, pH 6.0), the composition of which is given in Methods. Data represent the mean±SD of nine determinations in three separate membrane vesicle preparations. Levels of significant differences are P < 0.025 (*), P < 0.05 (++), P < 0.005) ( §), and P < 0.001 (**), respectively.
The presence of a Cl-:HCO-and Cl-:OH-exchanger in cLPM vesicles is further supported by the finding that DIDS, the most potent inhibitor of inorganic anion exchange in erythrocytes (25) and intestinal brush border membranes (17) , completely inhibited the initial pH-and HCO--stimulated uptake rates of Cl- (Fig. 2) . However, after 30 s the inhibition of Cl-uptake was incomplete even with 5 mM DIDS. These data suggest that, whereas initial uptake rates of Cl-were mainly due to DIDS-sensitive Cl-:HCO5 and C1-:OH-exchange, uptake at later time points proceeded to a significant extent via a DIDS-insensitive, most likely conductive, pathway. Indeed when Cl-uptake was investigated at pH equilibrium (7.5/7.5), the generation of an inside-positive K+ diffusion potential by valinomycin (K+ out > in; 100 mM) significantly stimulated Cl-uptake compared with K+-equilibrated conditions (K+ in = out, 100 mM; Fig. 3 ). However, this potential driven Cl-uptake could not be inhibited by DIDS. Thus, the previously demonstrated pH and HCO-gradient-stimulated, DIDS-sensitive Cl-uptake (Fig. 2) can be attributed to Cl-: HCO-and Cl-:OH-eichange mechanisms. Because HCOappears to be favored over OH-for transcanalicular exchange with CF- (Fig. 1) , the term Cl-:HCO-exchange will be preferentially used subsequently.
Characteristics of the canalicular Cl-HCOy exchange. As demonstrated in Fig. 4 Figure 2 . Effect of DIDS on pH-and HCO--stimulated chloride uptake in cLPM vesicles. HCO3 (50 mM) preloaded cLPM vesicles (HCO5-SMS, pH 7.7) were incubated in gassed (95% N2, 5% C02) SIM, pH 6.0 in the presence (a, A) and absence (-) of 1 and 5 mM DIDS. The concentration of Cl-in the reaction mixture was 5 mM. Uptake of 3Cl-in the absence of a pH and HCO-gradient (o) was determined by incubating the vesicles in HCO--SMS, pH 7.7. Because of DIDS sensitivity to light, all experiments using this compound were performed with minimal exposure to light. Data represent the mean±SD-of six determinations in two separate membrane preparations.
the DIDS-sensitive portions of Cl-uptake exhibited linearity with incubation time up to -6 s. Based on these results 4-s uptake values were chosen for the kinetic studies.
The dependence of the pH and HCO5 gradient-driven initial Cl-uptake rates on increasing concentrations of Cl-is illustrated in Fig. 5 . A large component of CL-uptake, especially at higher Cl-concentrations was DIDS insensitive and nonsaturable. However, when the DIDS-insensitive uptake (o) was subtracted from total uptake (o), Cl-uptake resolved into a 14 - Figure 3 . Effect of a valino- The effects of various organic and inorganic anions on pHand HCO--stimulated Cl-uptake into cLPM vesicles are given in Table II . Neither sulfate nor p-aminohippuric acid, lactate, aspartate, and glutamate (20 mM) had any cis-inhibitory effect on initial (8 s) uptake rates of Cl-. Although significantly different from controls, the effects of acetate are too small for being attributable to co-transport under the given experimental conditions (30) . In contrast, chloride demonstrated cis-inhibition to the extent that was expected theoretically (30) . In addition, nitrate may be a co-substrate for the canalicular CFl: HCO-exchange system as has also been observed in the Fig. 6 , when a valinomycin-induced inside-positive K+ diffusion potential was superimposed upon an outwardly directed pH and HCO-3 gradient, overall Cl-uptake was stimulated (curves A and C) compared with the absence of valinomycin (curves B and D). However, the DIDS-sensitive portion of the pH-and HCO--stimulated Cl-uptake was not affected by the imposed membrane potential changes ( Fig. 6, inset Cl-uptake in cLPM and blLPM isolated simultaneously from the same homogenate. In contrast to cLPM, intravesicular C1-did not overshoot the equilibrium values in blLPM although there was a constant, albeit small, stimulation of C1-uptake by the in to out pH and HCO-gradient (Fig. 7) . These data are in contrast to those of our previous studies with alanine and taurocholate where transport systems are present in both LPM subfractions and initial solute uptake rates therefore were similar in cLPM and blLPM despite the twofold differences in their intravesicular volumes (8) . Based on these earlier studies with different substrates as well as the fact that -20% of the total intravesicular space of blLPM represents contamination with cLPM vesicles (23) , the data presented in Fig. 7 suggest that the Cl-:HCO-exchange system is not present in the basolateral domain of rat hepatocytes.
Effects of inwardly directed Na' gradients on Cl-uptake in cLPM and blLPM vesicles. Fig. 8 summarizes results of studies designed to determine whether sodium-chloride cotransport mechanisms exist in canalicular and/or basolateral rat liver plasma membranes. In these experiments the intravesicular uptake of chloride was compared in the presence of inwardly directed Na', K+, Na' and K+, or TMAt gradients.
To control for the influence of the electrical membrane potential, the incubations were done under pH-equilibrated conditions (high ionic strength buffer) and in the presence of the proton ionophore FCCP. As shown in Fig. 8 , under these conditions neither Na' nor K+ nor both together exhibited any stimulation of initial Cl-uptake rates when compared with TMA'. These results were the same in cLPM and blLPM.
Hence, no evidence was found for the presence of a sodiumchloride co-transport system in rat liver plasma membranes. These findings are in agreement with recent studies in the isolated perfused liver and with cultured hepatocytes (31 HCO-plays an important role in the generation of BAIF in rat liver (9-1 1) . Furthermore, studies with isolated hepatocytes in suspension have provided evidence for the existence of inorganic anion (e.g., C1-, HCO-, and sulfate) transport systems on the surface membrane of normal liver cells (16) . However, in that hepatocytes loose their structural and functional polarization during the course of their isolation, the physiologic distribution of these transport systems along the basolateral and canalicular surface domains are not known. Furthermore, studies with isolated hepatocytes do not distinguish between membrane transport processes and intracellular (e.g., cytosolic) metabolic events. In the present study, therefore, we used selectively isolated and highly purified cLPM and blLPM vesicles (23) to investigate the mechanisms and driving forces for transmembrane transport of Cl-across the two major surface domains of hepatocytes. The results of these studies provide direct evidence for the existence of a carrier-mediated electroneutral Cl-:HCO-(OH-) exchange in cLPM but not in blLPM vesicles (Figs. 2, 6 , and 7). Because HCO5 gradients resulted in greater initial rates of 36C1 uptake than OH-gradients, the exchanger favors HCOover OH-anions at identical pH gradients. This preferential stimulation of Cl-uptake by HCO-could not be explained by an increase in buffering capacity because the concentration of Tris-Hepes was reduced by 50% when HCO-was added (Fig. 1) , and stimulation by HCO-was observed at the earliest time points when buffering capacity should be adequate (Figs.  1 and 4 ). Cl-:HCO-exchange was most effectively inhibited by DIDS (70%) and to a lesser extent also by equimolar amounts of SITS (49%), probenecid (37%), furosemide (33%), and bumetanide (26%; Table I, and Fig. 2 ). This pattern of inhibition is analogous to the effect of these compounds on Cl-transport in erythrocytes (29, 32) , dog renal microvillus membrane vesicles (33) , as well as rabbit ileal brush border membrane vesicles (17) , and further suggests that at least a portion of transcanalicular Cl-movement is a carrier-mediated exchange with HCO . Although a valinomycin-induced insidepositive K+ diffusion potential also stimulated overall Cluptake both in the presence (Fig. 6) and absence (Fig. 3 ) of outwardly directed OH-and HCO-gradients, the DIDSsensitive portion of the pH and HCO-gradient-stimulated C1-uptake was not affected by the artificially imposed transmembrane potential changes (Fig. 6) , suggesting an electroneutral Cl-:HCO-exchange in cLPM. Altogether, this data indicates that in addition to a voltage-insensitive Cl-:HCO-exchange pathway, a physiologic conductive leak pathway for Cl-may exist in canalicular rat liver plasma membranes as well.
In contrast to the recently reported anion exchange mechanisms in rat renal basolateral (19) and dog renal microvillus (20, 21) membrane vesicles, the rat liver canalicular Cl-: HCO-exchange pathway, described in the present study, is not shared by other anions such as sulfate, p-aminohippurate, lactate, or acetate (no cis-inhibition of pH-and HCO--stimulated Cl-uptake, Table II ). Furthermore, we found no effect of pH and HCO-gradients on transcanalicular transport of taurocholate (8) nor was the pH and HCO-gradient-driven Cl-uptake affected to any degree by the addition of 100 ,um of taurocholate to the reaction mixture (data not shown). In contrast, nitrate may also be able to exchange with HCO3 (Table II) . Thus, there appears to be a certain selectivity of the canalicular rat liver Cl-:HCO-exchange for inorganic anions rather than organic anions, as recently observed in rabbit brush border membranes (17) . This interpretation is further substantiated by the greater inhibition of pH and HCO5 gradient-stimulated Cl-uptake by DIDS and SITS as compared with probenecid (Table I ). The latter represents the standard inhibitor of organic anion transport in the kidney (26) and has been shown to preferentially inhibit pH gradient stimulated urate and p-aminohippurate transport in dog renal microvillus vesicles (33) . Future studies will be required to determine whether similar or different (albeit closely related) membrane components are responsible for the transcanalicular transfer of chloride, bicarbonate, and organic anions.
By utilizing highly purified and selectively isolated blLPM and cLPM vesicles, the present study resolves two major current controversies with respect to the hepatocellular transport of Cl-. First, the selective localization of the identified Cl-: HCO-exchange to the canalicular pole of hepatocytes (Fig. 7) explains why evidence for such an exchange mechanism has been found up to now only in isolated hepatocytes in suspension, where the canalicular surface is directly exposed to the surrounding medium (16) . In contrast, Cl-:HCO exchange was not found in the isolated perfused rat liver, probably because the canalicular membrane does not have direct contact with the perfusate in this experimental model (34) . Secondly, we find no evidence for the existence of a Na+:Cl-co-transport system, either in blLPM or in cLPM vesicles (Fig. 8) . In accordance with some (31) but not all (9) studies in the isolated perfused liver and cultured hepatocytes, these findings indicate the absence of a sodium coupled secondary active transport process for transhepatocyte excretion of C1-. Thus, our data support the concept of a passive distribution of Clacross the various domains of the hepatocellular plasma membrane according to the physiologic electrochemical membrane potential (4, 5, 35) . Fig. 9 Fig. 9 satisfies several observations concerning the subcellular mechanisms involved in overall hepatic bile formation. First, the findings that the canalicular excretion of taurocholate (7, 8) as well as chloride (this study, Fig. 3 ) are both driven by the intracellular negative potential strengthen the concept that the activity of basolateral Na+K+-ATPase and the outward conductive diffusion of K+ provide a major "driving force" for both components of canalicular bile flow, e.g., BADF and BAIF (1, 5, 42) . Second, the absence of Na+:ClP co-transport in blLPM vesicles (Fig. 8 ) in conjunction with the presence of a conductive leak pathway for C1-in cLPM (Fig. 3) suggest that the passive electrodiffusion of intracellular Cl-into the canalicular lumen plays an important role in the generation of BAIF (5, 9) . Indeed, inhibition of Na+K+-ATPase (membrane depolarization) results in intracellular sequestration of C1-, Na+, and water (43); whereas, hyperpolarization of the cell membrane is associated with an increased hepatocellular effilux of Cl-into bile and a transient rise in bile flow (44) . Third, an electroneutral cLPM C1-: HCO-exchanger (Figs. 1, 2 , and 6) can also explain why omission of perfusate HCO-from rat liver perfusate results in a decrease of BAIF in the isolated perfused rat liver (9-1 1). In one study an additive decrease in BAIF was also observed after sequential omission of Cl-and HCO-from the perfusate (9), findings consistent with a high intraluminal Cl-concentration stimulating the canalicular excretion of intracellular HCO- (Fig. 9) . Our data does not exclude the possibility of a separate conductive leak pathway for HCO-in cLPM, which also could generate net HCO-excretion, particularly if a basolateral Na+: H+ exchanger maintains intracellular HCO above its electrochemical equilibrium. Functional coupling between basolateral Na+:H+ exchange and canalicular Cl-:HCO-exchange may also exist in the liver cell, and Na+:H+ exchange could be the major driving force rather than the cLPM C1-gradient. The resistance of biliary HCO secretion to replacement of Na+ by Li+ in the perfused rat liver (9-1 1) could also be explained by such functional coupling, since Li+ can effectively replace Na+ for exchange with H+ in the liver as well as the kidney, and intestine (13, 28, 37a) . Finally the identification of a canalicular Cl-:HCO-exchanger provides an additional mechanism to duct HCO-excretion for enriching bile bicarbonate content in many animal species (10, 45) .
In summary, the present study provides direct evidence for the existence of an electroneutral Cl-:HCO-exchanger as well as a conductive leak pathway for C1-in canalicular plasma membrane vesicles of rat liver. Although these findings have been discussed with respect to their possible physiologic significance in bile acid-independent bile formation, it is realized that Cl-and HCO-transport processes might also be involved in the control of cell volume and the regulation of intracellular pH (43, 46, 47). Thus, it is possible that in the intact liver a dynamic relationship exists between the canalicular excretion of C1-and HCO-and Na+/H+ exchange and the regulation of cell volume and intracellular pH. Elucidation of these functional interdependencies will require studies in intact cells including micropuncture of bile canaliculi in isolated couplets of hepatocytes (48) .
